O rganic−inorganic lead (Pb) halide perovskite solar cells (PVSCs) are a promising photovoltaic technology for low-cost solar energy conversion due to their low-temperature solution process and high power conversion efficiencies (PCEs). Remarkable progress on the PCE has been demonstrated in the past few years, with a current record PCE of 22.1%. 1 Further improvement on PCEs is highly desirable for cost-reduction and potential deployment of this new photovoltaic technology. The most promising approach to push the PCEs beyond the Shockley−Queisser limit for singlejunction solar cells is to fabricate perovskite based tandem solar cells. Methylammonium (MA) and formamidinium (FA) Pb halide perovskites have impressive bandgap tunability. By varying the bromide (Br):iodide (I) ratio, Pb perovskites with mixed halides have exhibited bandgaps in the range of 1.58−2.2 eV, 2 suitable for the top cell in tandem solar cells. By tuning the tin (Sn):Pb ratio, mixed Sn and Pb perovskites can exhibit bandgaps from 1.17 to 1.55 eV, suitable for the bottom cell in tandem solar cells. 3 Therefore, halide perovskites present an unusual opportunity for fabricating ultrahigh efficiency and lowcost polycrystalline tandem cells using low-temperature solution processes. So far, most reported perovskite-based tandem solar cells used wide-bandgap perovskite cells as the top cell and lowbandgap nonperovskite solar cells as the bottom cell, including silicon (Si), copper indium gallium selenide (CIGS), and polymer based solar cells. 2, 4 There are only limited efforts on fabricating perovskite−perovskite tandem cells. 4c,d In these attempts, the perovskite absorbers used for the bottom cells did not have low-bandgaps, which fundamentally limits the PCEs of tandem solar cells. The lack of fabricating efficient all-perovskite tandem solar cells is primarily due to the largely lagged progress on making efficient low bandgap PVSCs. In contrast, the development of efficient wide-bandgap PVSCs has progressed very well. 2, 5 Whereas Snaith and co-workers have recently shown a 17% PCE for mixed cation lead mixed halide perovskites with a reported bandgap of ∼1.74 eV, 2 the highest PCE of low-bandgap mixed Sn−Pb PVSCs has still remained at 7.37%, which was achieved by Kanatzidis' group in 2014 with MASn 0.75 Pb 0.25 I 3 having a bandgap of 1.17 eV.
3b Jen and coworkers showed that in order to improve the PCE of mixed Sn−Pb PVSCs, higher Pb content was needed. 6 A PCE of 9.77% was achieved for a MASn 0.15 Pb 0.85 I 3−y Cl y (bandgap of 1.38 eV) PVSC. A further enhanced PCE of 14.2% for MA 0.5 FA 0.5 Pb 0.75 Sn 0.25 I 3 PVSC (bandgap of 1.33 eV) has been recently presented. 7 However, such a relatively large bandgap is not ideal for tandem cell applications.
The slow progress on improving the PCE of mixed Sn−Pb PVSCs may be attributed to the facile oxidation of Sn 2+ to Sn 4+ . This instability is known to cause high carrier density and nonuniform perovskite films, which are undesirable for high performance cells. Recent progress on fabricating Pb-free Sn PVSCs has provided some insights for potentially overcoming these issues. First, it was reported that FASnI 3 is more stable than MASnI 3 .
8 Seok and co-workers reported a PCE of 4.8% for a FASnI 3 PVSC. 9 Second, Kanatzidis and co-workers and Mathews and co-workers have reported that tin fluoride (SnF 2 ) additives can effectively suppress the oxidization of Sn 2+ and reduce the hole density in the resulting films, and therefore improve the PCEs of Sn PVSCs. 10 Third, it was noticed that the lithium (Li) and/or cobalt (Co) salts used as dopants in organic hole selective layers (HSLs) may damage Sn perovskites. These important insights should be taken into account when developing efficient mixed Sn−Pb PVSCs with low bandgaps.
In this work, we used a new precursor and inverted cell structure to avoid the aforementioned issues associated with the incorporation of Sn, which enabled us to deposit high quality mixed Sn−Pb thin films and to fabricate efficient low-bandgap mixed Sn−Pb PVSCs. Unlike previous reports using MA with Sn and Pb iodides, our new precursor combines a FASnI 3 precursor with a MAPbI 3 precursor, taking the advantages of our recent success on fabricating efficient Pb-free Sn PVSCs and Pb-based PVSCs. 11 The composition of the thin films is controlled by the molar ratio of MAPbI 3 to FASnI 3 precursors, giving a formula of ( Figure 1a shows the steps of the formation of our precursor used for one-step deposition of mixed Sn−Pb perovskite thin films, combining the FASnI 3 precursor with the MAPbI 3 precursor at different molar ratios. Following the recipe reported by Kanatzidis' group, we used a DMSO-based cosolvent to dissolve FASnI 3 and MAPbI 3 , which are known to give good film morphology. The FASnI 3 solution contains 10 mol % SnF 2 additive, which is necessary for suppressing the carrier concentration of Sn perovskite thin films. 12 The mixed Sn−Pb perovskite thin films were deposited by spin-coating the precursor composed of FASnI 3 precursor and MAPbI 3 precursor with desirable molar ratios. After a diethyl ether dripping, the perovskite thin films were annealed at 100°C for 5 min. The morphology of (FASnI 3 ) 1−x (MAPbI 3 ) x films (x = 0−1) including grain size and surface roughness were characterized using scanning electron microscopy (SEM) and atomic-force microscopy (AFM). We find that the film morphology is correlated with the x value (Pb:Sn molar ratio). The SEM images shown in Figure S1 reveal the morphology evolution of mixed Sn−Pb thin films with the change in x. The pure FASnI 3 thin film (x = 0) contains some large grains but also more small grains (Figure 1b) . The film exhibits a surface root-mean-square (RMS) roughness of 14.8 nm as measured by AFM ( Figure S2a ). The pure MAPbI 3 thin film (x = 1) contains many large grains but with some small ones (Figure 1c) . The RMS roughness measured from AFM image ( Figure S2c ) is 9.5 nm. The (FASnI 3 ) 0.6 (MAPbI 3 ) 0.4 film contains relatively smaller grains, but with more uniform distribution of grain size (Figure 1d ). The surface roughness measured by AFM is only 6.8 nm (Figure S2b ), which is smoother than those of pure FASnI 3 and MAPbI 3 films. The substrate is fully covered with dense grains without any visible pinholes, which is a prerequisite for fabricating efficient thin film solar cells.
We characterized the structural and optical properties of (FASnI 3 ) 1−x (MAPbI 3 ) x thin films by X-ray diffraction (XRD), Ultraviolet−visible (UV−vis) spectroscopy, photoluminescence (PL), and spectroscopic ellipsometry (SE). As shown in Figure  2a , XRD peak intensities increase as the x value increases, indicating the dependence of film crystallinity on the Pb content. The pure FASnI 3 thin film exhibits the poorest crystallinity after annealing at 100°C. FASnI 3 has an orthorhombic (Amm2) crystal structure, 8, 9, 12 whereas MAPbI 3 has a tetragonal (I4 cm) crystal structure (β-phase).
3b It is shown from the XRD patterns in Figure 2a that all mixed Sn− Pb perovskites adopt the orthorhombic crystal structure: the XRD pattern show only one peak within the 2θ range between 22°and 25°(patterns plotted in logarithm scale are shown in Figure S3 ), which could be indexed to (113) plane in the Amm2 space group. Only the XRD pattern of MAPbI 3 (x = 1) shows two peaks within the 2θ range of 22°− 25°, which could be indexed to (211) and (202) planes in the tetragonal I4 cm space group. The XRD patterns suggest that Sn and Pb randomly occupy the metal sites of corner-sharing octahedra. This is different from the MASn 1−x Pb x I 3 perovskites reported by Kanatzidis' group in which only perovskites with low x values (x < 0.5) would adopt the crystal structure of MASnI 3 (P4 mm).
3b X-ray photoemission spectroscopy analysis (XPS) ( Figure S4) indicates that the film compositions are very close to the nominal compositions of their corresponding precursors, indicating a low loss of Sn during film deposition and annealing. UV−vis absorbance spectra (Figure 2b) show that the absorption onsets of all mixed Sn−Pb perovskites are at wavelengths longer than those of FASnI 3 and MAPbI 3 . As the x value increases, the absorption onset first shifts to longer wavelength, reaches a maximum value, and then shifts back to shorter wavelength. The trend of bandgap change as a function of x value has been further confirmed by PL emission peaks shown in Figure 2c and SE shown in Figure S5 . It is noted that PL emission peaks can be at shorter wavelengths as compared to the absorption onsets measured from the same samples. 13 The maximum wavelength, which corresponds to a bandgap of ∼1.2 eV, is obtained with x = 0.4, giving a composition of (FASnI 3 ) 0.6 (MAPbI 3 ) 0.4 . This bandgap is also confirmed by the external quantum efficiency (EQE) of solar cells using (FASnI 3 ) 0.6 (MAPbI 3 ) 0.4 absorber (see later discussion). This variation in bandgap is similar to that of the MASn 1−x Pb x I 3 perovskite system reported by Kanatzidis' group. 3a,b It is noted that the smallest bandgap of ∼1.2 eV for (FASnI 3 ) 1−x (MAPbI 3 ) x perovskites is about 30 meV larger than the smallest bandgap of the MASn 1−x Pb x I 3 perovskites (∼1.17 eV). This could be due to the inclusion of FA cations in our mixed Sn−Pb perovskites.
The above optical measurements indicate that (FASnI 3 ) 0.6 (MAPbI 3 ) 0.4 has the lowest bandgap and therefore is the best choice for low-bandgap cell fabrication. We have also conducted time-resolved photoluminescence (TRPL) measurements to determine carrier lifetime of (FASnI 3 ) 1−x (MAPbI 3 ) x perovskites with x = 0.0, 0.4, and 1.0, which is an important photovoltaic parameter correlating to the device performance. As shown in Figure 3a and Table S2 , the carrier lifetime is 6.7 ns for (FASnI 3 ) 0.6 (MAPbI 3 ) 0.4 , which is much longer than that of the FASnI 3 thin film (0.2 ns), but much shorter than that of the MAPbI 3 thin film (169 ns).
Using the inverted planar cell structure, we have successfully fabricated efficient low-bandgap perovskite solar cells using ( 1d,12 Currently, we do not know the exact band edge positions of (FASnI 3 ) 1−x (MAPbI 3 ) x perovskites. We are not able to obtain consistent results using UV photemission spectroscopy (UPS) measurements. The facile oxidation of Sn 2+ to Sn 4+ could easily alter the electronic properties of the surfaces and affect the UPS measurement. In fact, the work functions of Sn-based perovskites reported in literature have shown rather inconsistent values. voltage scan, exhibiting very small J−V hysteresis behavior, which is ascribed to the complete coverage of perovskite layer, the use of fullerene, and the inverted device architecture. 12 The small J−V hysteresis has been further confirmed by J−V measurements using reverse and forward voltage scans with various scan rates. As shown in Table S1 , the scan rate does not significantly affect the PCEs of the cells. Figure 4b shows the EQE spectrum and its corresponding integrated J sc over a 100 mW/cm 2 AM1.5G solar spectrum for this cell. The EQEintegrated J sc can reach 26.08 mA/cm 2 , in good agreement with the J sc obtained from the J−V curve. The EQE spectrum shows a spectral response of up to 1030 nm (i.e., approxiamately 1.2 eV), which is consistent with the bandgap measured from the absorption onset of (FASnI 3 ) 0.6 (MAPbI 3 ) 0.4 thin films ( Figure  2b ). To evaluate the actual performance under device operation conditions, we conducted a steady-state performance measure- ment. As shown in Figure 4c , the steady-state photocurrent measured at a constant bias of 0.648 V for 100 s under a 100 mW/cm 2 AM1.5G illumination is approximately 22.86 mA/ cm 2 , corresponding to a stabilized output power of ∼14.8%. The steady-state efficiency is close to the PCE from J−V curves. Compared to the record PCE of 7.37% for the mixed Sn−Pb perovskite cell with a similarly low bandgap achieved by Hao et al., 3b the PCE of our best-performing cell represnts a significant advance. We have fabricated 50 devices using (FASnI 3 In summary, we have developed a new precursor combining a FASnI 3 precursor with a MAPbI 3 precursor. This new precursor enabled us to deposit high quality mixed Sn−Pb perovskite thin films with low bandgaps and to fabricate efficient low-bandgap mixed Sn−Pb perovskite solar cells in the inverted cell structure. The best-performing cell using an absorber with a bandgap of ∼1.2 eV has achieved a PCE higher than 15%. This PCE is significantly higher than the previous record of perovskite solar cells with a similar bandgap. The low bandgap, high efficiency, and high reproducibility represent one significant step toward the realization of efficient all-perovskite tandem solar cells. 
